Plastic mulch in combination with high plant density is a common agronomic technique in rainfed maize (Zea mays L.) production. However, the effects of combining colored film mulching and plant density on soil temperature, soil water storage, the maize roots, and yield have not been thoroughly elucidated to date. Thus, a field experiment to explore the effects of colored film mulching and plant density on soil temperature and water, maize roots, and yield was conducted on main plots with three types of mulching (non-mulching, transparent film mulching, and black plastic film mulching), which were divided into three subplots with three plant densities (60,000, 75,000, and 90,000 plants ha −1 ). The results were as follows: The mulching increased the soil water storage during the entire period of maize growth, and transparent film mulching increased soil water storage more than black film mulching. The mulching only markedly increased soil temperature in the maize seeding and jointing stages compared with the non-mulching treatment, but the plant density augmented the soil temperature after the seeding stage. Compared with the non-mulching treatment, the mulching treatments significantly increased root length, root length density, and root diameter by 17.0, 21.4, and 11.6%, respectively, during the heading stage and by 65.2, 70, and 11.6%, respectively, during the mature stage. As plant density increased, root surface area, root volume, root length, and root diameter decreased. The best combination, which attained higher yield and profit than other treatments, was the combination of a plant density of 90,000 plants ha −1 and black film mulching.
The rainfed area of Northeast China is one of the world's most important maize (Zea mays L.) production areas. Scarce precipitation and low temperature in the spring are the main limitations for maize growth (Deng et al., 2006; Song et al., 2012; Chen et al., 2015) . Thus, increasing rainfall use efficiency and soil temperature can help small farmers achieve a steady and high yield of maize in the rainfed area of Northeast China. Film mulching and high plant density are two common agronomic activities that augment rainfall use efficiency and soil temperature, thereby improving maize yield (Deng et al., 2006; Liu et al., 2016) .
Several previous experiments have shown that film mulching can increase the soil temperature below the film and decrease soil evaporation (Gan et al., 2013; Yin et al., 2014) . Zhu et al. (2015) reported that film mulching is an effective agricultural technique to eliminate the negative effects of water scarcity on crop growth. However, the effects of different colors of plastic film on soil water storage, temperature, and crop growth have not been thoroughly elucidated to date. Tarara (2000) found that soil temperature and maize yield under transparent film mulching were markedly higher than that under black film mulching. However, Filipović et al. (2016) reported that a black film mulching treatment resulted in higher soil temperature and yield than a transparent film mulching treatment. In addition, Liu et al. (2016) found that their 2-yr field experiment on the effects of plastic film color on soil temperature and maize yield had different results in that first-year black film mulching treatments had higher soil temperature and maize yield than transparent film mulching treatments, but the secondyear results were opposite those in first year. Therefore, the effects of plastic film color on soil temperature and maize yield warrant further study.
In the past several decades, maize yield has continued to increase because of the increase in maize plant density. The reason that high plant density has increased the maize yield is that high plant density has increased the number of ears per area (Fasoula and Fasoula, 2002; Tokatlidis et al., 2011) . However, high plant density augments the competition of water and nutrients among maize plants and can result in a decrease in maize yield. There is an optimal plant density, which varies widely by environment and place (Ren et al., 2016a) , in which the maize population yield and plant yield are both high. Therefore, it is necessary to find the optimal plant density in different areas.
Additionally, the maize root determines maize's ability to absorb nutrients and water in the soil, which in turn affects the yield of maize (Fageria, 2005) . Several experiments have established that plastic film mulching can increase maize root length density and maize root weight density (Gao et al., 2014; Sharratt and Gesch, 2004) . With field experiments, Liu et al. (2017) found that the maize plant density had clear effects on maize root growth, with a decrease in maize root length, root surface area, and root volume being observed as plant density increased. However, the abovementioned studies regarding the maize root primarily examined maize root characteristics but lacked a comprehensive analysis of maize root growth and the relationship between the maize root and yield.
The general objectives of this research were (i) to explore the effects of black colored film mulching and plant density on soil water storage and temperature; (ii) to investigate the impacts of colored plastic film mulching and plant density on the maize root, yield, and profit; and (iii) to determine the effects of soil water storage and temperature on maize root growth and yield.
Materials and Methods

Study Site
Experiments were conducted at the agricultural experimental field of Shenyang Agricultural University in Shenyang (41°44´ N, 123°27´ E, 44.7 m asl), Liaoning Province, China, in 2016. This area is characterized by a continental monsoon climate. From 1961 to 2016, the average annual air temperature was 8.0°C, with a frost-free period of 155 to 180 d and average annual precipitation of 702.9 mm, with 79% of the rain falling in the spring maize growing season (May-September). The soil in the experimental area was humid loam with field capacity of 0.38 cm 3 cm −3 and average soil bulk of 1.41 g cm −3 . The soil was distributed evenly, which is typical in this area. During the experiment, the average depth to groundwater was 4.5 m with minimum and maximum depths to groundwater of 4.1 and 5.0 m, respectively. Rainfall and daily average temperature during the experimental period are illustrated in Fig. 1 . Moreover, the total precipitation in 2016 was 874.4 mm with a frequency of 12.03%, making 2016 a wet year.
Experimental Design and Field Management
The experimental design was a split-plot block experiment with two factors. The main plot included three mulching treatments: non-mulching, transparent film mulching, and black film mulching. The split plot included three plant densities: 60,000 (D1), 75,000 (D2) and 90,000 plants ha −1 (D3). Thus, nine combinations of mulching and plant density treatment were tested. Each treatment had three replications in 2016. The area of each plot was 23.4 m 2 (3.9 by 6 m) with three ridges and two furrows. To achieve the different plant densities, different plant spacings were designed. The plant spacing was 28, 22, and 19 cm for D1, D2, and D3, respectively. Details about the experimental design are listed in Table 1 .
One week before the maize cultivar 'Liangyu 99' was sowed, the field was plowed, and the maize was planted on 28 April and harvested on 27 October in 2016. This experiment used the traditional large-ridge-double-lines planting method (40-cm ridge platform width, and 80-cm furrow width; Fig. 2 ). The ridges were mulched on the same day that maize was planted and then removed in the following year, 2 d prior to the next maize planting. When maize plants emerged, to help them grow through the mulch, a hole was made by hands in the plastic film where the maize emerged. The maize was only fertilized with compound fertilizer that contained 243 kg N ha −1 , 135 kg P ha −1 and 117 kg K ha −1 . The ridges were mulched on the same day that the maize was planted, and the mulch was removed the following year 2 d prior to the next maize planting. Irrigation for each treatment solely depended on natural rainfall. Cultivation and pest and disease management were the same as the local farming practices. There was no significant difference in soil moisture content among treatments prior to sowing.
Measurements
Soil Water Content
Soil water content was measured by a time-domain reflectometer sensor (IMKO Micromodultechnik) system with an accuracy of 98% (Ren et al., 2016b) . Measurements were taken from the 10-to 60-cm depth, which is the main root zone for maize, every 5 to 7 d.
Soil Temperature
Top soil temperature was recorded by soil thermometers. After maize emergence, soil temperatures at the 5-, 10-, 15-, 20-, and 25-cm depths were measured at 1400 h every day.
Maize Root
Because many previous studies have shown that ~80% of maize roots are concentrated in soil layers between 0 and 40 cm Bu et al., 2013; Gao et al., 2014; Zhou et al., 2015) , only root samples from the 0-to 40-cm soil layer were taken in this study. At the heading-filling and maturing growth stages, three maize plants with uniform growth were selected as the samples for measuring maize roots. Boundaries were determined by the area occupied by each plant of different plant density treatments, with length of 60 cm. The widths were 28, 22, and 19 cm for D1, D2, and D3, respectively, and root samples were taken from each 10-cm layer to the 40-cm depth. All roots in each soil layer were carefully washed to remove adhering soil, and they were packaged and brought back to the laboratory. The images of roots were scanned with a scanner (Epson Perfection V700) and analyzed by WinRHIZOPro software 2013e (Regent Instruments, 2013) to evaluate root length, root surface area, root volume, and root diameter. The root length density and root surface area density were ratios of the total root length and the total root surface area to soil volume. Soil volume was 60 by 26 by 40 cm for the D1 treatment, 60 by 21 by 40 cm for the D2 treatment, and 60 by 16 by 40 cm for the D3 treatment.
Maize Yield
At the end of the experiment, maize grain yield was measured by hand harvesting ears from all plants within a 10-m 2 area in each plot. Grain yield was adjusted to yield with 14% moisture.
Benefits of treatments with film mulching and improving plant density was calculated by the equation below:
where B is benefits, GY is maize grain yield (kg ha −1 ), M is the cost of plastic film, D is plant density, and F is the cost of fertigation per hectare (2250 Chinese yuan [¥] ha −1 ). According to local price standard, the price of maize grain yield was 1.5 ¥ kg −1 ; cost of black plastic film is 1200 ¥ ha −1 , and transparent plastic is 1125 ¥ ha −1 ; expenses of seed was 0.05 ¥ g −1 , and one seed almost 0.35 g; the cost of fertilization was 2250 ¥ ha −1 .
Calculation of Maximal Information Coefficient
Maximal information coefficient (MIC) can capture a wide range of relationships both functional and not, and for functional relationships provides a score similar to the R 2 (Reshef et al., 2011) . The MIC was calculated by the MINE.r function of the rJava package in R software. The details about MIC are given in Reshef et al. (2011) .
Statistical Analysis Methods
Data were analyzed using R and DPS software. Least significant differences were used to analyze the differences between the means of treatments. Differences at p < 0.05 were considered to be statistically significant. 
Soil Water Storage and Temperature
Impact of Mulching and Plant Density on Soil Water Storage
The results of the ANOVA for soil water storage within the 60-cm depth among different treatments are listed in Table 2 . Results indicated that the mulching treatments had significant effects on soil water storage during the entire maize growth period, whereas plant density and the interaction of mulching and plant density had no significant impact on soil water storage.
The reason for these results is that increasing plant density resulted in higher transportation, but it decreases soil evaporation in the same time. Thus, Table 3 lists only the soil water storage for the three mulching treatments. Compared with the non-mulching treatment, the black film mulching and transparent film mulching markedly increased the soil water storage, with the soil water storage being higher in the transparent film mulching than in the black film mulching during the entire maize growth period. In the seeding stage, jointing stage, heading-filling stage, and mature stage, the transparent film mulching increased soil water storage by 9.2, 7.2, 12.3, 10.4 mm, respectively, compared with non-mulching. The amounts of increased soil water storage over those same stages for the black film mulching compared with non-mulching were 5.1, 6.0, 6.3, and 10.0 mm, respectively.
Impact of Mulching and Plant Density on Soil Temperature
The results of the ANOVA for soil temperature at the 30-cm depth among the different treatments are given in Table 2 . The results showed that film mulching had a significant effect on soil temperature during seeding and jointing stages of maize growth, whereas plant density had a significant influence on soil temperature during all maize growth stages, except for the seeding stage. Thus, the effects of film mulching on soil temperature at the seeding and jointing growth stage and the effects of plant density on soil temperature from the jointing growth stage to the mature stage were analyzed. The impacts of mulching and plant density on soil temperature are shown in Fig. 3 . The results indicated that during the different maize growth stages, the effects of mulching and plant density treatments on soil temperature were different. For the effects of mulching on soil temperature, the transparent film mulching increased the soil temperature by 3.1 and 1.8°C compared with nonmulching and black film mulching, respectively, during the seeding growth stage. During the jointing growth stage, the difference of soil temperature among the three mulching treatments decreased, and during this growth stage, the transparent film mulching increased the soil temperature by 0.7 and 0.5°C compared with non-mulching and black film mulching, respectively. For the effects of plant density on soil temperature, from the jointing growth stage to the mature growth stage, the soil temperature decreased as the plant density increased. At the jointing growth stage, the soil temperature in the D1 treatment was 0.6 and 1.3°C higher than that in the D2 and D3 treatments, respectively. Those values were 0.6 and 1.0°C in the D2 treatment and 0.3 and 0.6°C in the D3 treatment for the headingfilling growth stage and mature growth stage, respectively.
Maize Root
Impact of Mulching and Plant Density on Maize Roots
The ANOVA and percentage of variance explained by the main effects and interactions for maize root traits in the heading-filling and mature growth stages are shown in Table 4 . The results indicated that the ANOVAs explained a range of total variability, extending from 50 (root surface area density) to 79.4% (root diameter), with an average of 70.9% at the maize heading-filling growth stage. These results generally showed that maize root traits were affected by mulching and plant density. In addition, plant density explained the greatest amount of variability (30.8%) followed by mulching × plant density (28.6%) and mulching (11.5%), which indicated that maize root traits were mainly influenced by plant density at the maize heading-filling growth stage. At the mature growth stage, the amount of variability explained by mulching, plant density, and mulching × plant density was 41.3, 29.3, and 15%, respectively.
The main effects of mulching and plant density on maize root traits are given in Table 5 . At the heading-filling growth stage, transparent mulching significantly increased maize root length, root length density, and root diameter by 17.0, 21.4, and 11.6%, respectively, whereas non-mulching and black film mulching significantly increased root length density and root diameter by 11.9 and 8.6%, respectively. In addition, although there was no significant difference No. of significant factors 4 0 0 2 3 4 * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. † M, mulching treatment; D, plant density treatment; M × D, interaction of mulching and plant density.
p. 5 of 12 of the root surface area, root surface area density, and root volume between mulching and non-mulching treatments, those maize traits were greater under mulching treatments than under the non-mulching treatments. In conclusion, film mulching, especially transparent film mulching, can effectively improve root growth. Compared with mulching, plant density had more effects on maize root traits. Root length, root surface area, root volume, and root diameter significantly decreased as plant density increased. In addition, among those four maize traits, plant density had the greatest effect on root volume followed by root surface area, root length, and root diameter. The D1 treatment increased root volume by 32.8 and 67.6%, root surface area by 22.0 and 50.6%, root length by 13.1 and 35.8%, and root diameter by 4.1 and 10.0% compared with D2 and D3, respectively.
At the maize mature growth stage, all maize root traits decreased compared with those at the maize heading-filling growth stage, except for root diameter. At this stage, compared with the non-mulching treatment, film mulching considerably augmented five root traits (root length, root length density, root surface area, root surface area density and root volume), while film mulching only significantly increased three root traits (root length, root length density and root diameter) at the heading-filling stage. These results indicate that film mulching at the mature stage has more of an effect on the maize root than at the heading-filling stage. The effects of plant density on the maize root at the mature growth stage were similar to those effects at the heading-filling stage. The D1 treatment had the greatest root length, root surface area, root surface area density and root volume among the three plant density treatments. Compared with D3, D1 significantly increased root length, root surface area, root surface area density and root volume by 50.3, 67.9, 33.3, and 90.7%, respectively.
Interrelatedness of Maize Root Traits
Considering that the heading-filling growth stage of maize is the key period of maize growth in which the root growth is strongly correlated to maize yield, the interrelatedness of the maize root traits at the heading-filling growth stage was explored by the principal component analysis (PCA) method. The results of the PCA method are summarized in Fig. 4 . Three principal components (PCs) were significant and explained 99.6% of the total variability. Of these components, PC1 explained 43.3% of the total variability, with coefficients ranging from 0.32 to 0.93. For PC1, root length, root surface area, and root volume had the three largest coefficients, which were >0.7. These three maize traits (root length, root surface area, and root volume) represented the main root growth. Next, PC2 explained 37.7% of the total variability, with two maize root traits (root length density and root surface area density) having the largest coefficients. Those two root traits represented the distribution of the maize root. Finally, PC3 explained 18.6% of total variability, with maize root diameter having the largest coefficient (0.93). Generally, PC1 corresponded to the main maize root growth, PC2 to maize root density, and PC3 to maize root diameter. Moreover, all maize traits were positively correlated with the three PCs.
The scores of the PCs of the treatments are given in Fig. 4b  and 4d . Fig. 4b shows that from the top left to the lower right, there was an obvious decreasing trend of plant density, and there was also an increasing trend of the PC1 score, indicating that plant density had a negative effect on the main maize root growth. The reason for this finding could be that the high plant density increased the competition of maize plants for soil water, nutrients, and sunshine and later constrained the growth of the maize root. Figure 4d illustrated that film mulching treatments had high PC2 and PC3 scores, which indicates that film mulching increased the maize root density and root diameter. Above all, plant density had more effects on PC1 (main maize root growth) than on PC2 (maize root distribution) and PC3 (root diameter), which were mainly affected by film mulching.
Impacts of Mulching and Plant Density on Maize Yield and Profit
The maize yield of different treatments is given in Table 6 . The results indicated that the yield between D3 with the black film mulching treatment (14264.6 kg ha −1 ) and D3 with the transparent film mulching treatment (13687.2 kg ha −1 ) was not significantly different and that these two treatments had a higher yield than others. The results ( Table 6 ) also showed that there were differences in the trends of maize yield with increasing maize plant density under film mulching and non-mulching treatments. Under non-mulching treatments, maize yield first increased and then decreased as plant density increased, whereas under film mulching treatments, maize yield increased continuously as plant density increased. Moreover, under non-mulching treatments, the highest maize yield was 12885.7 kg ha −1 , produced by the D2 treatment, whereas under transparent film mulching and black film mulching treatments, the highest maize yield for both was produced by the D3 treatment, indicating that the film mulching treatments increased the tolerance of maize to high plant density.
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In general, maize yield under black film mulching was highest (12989.9 kg ha −1 ), which was 6.8 and 4.0% higher than that under transparent film mulching and non-mulching, respectively. However, there was no significant difference in yield between black and transparent film mulching. Regarding impacts of plant density on maize yield, maize yield significantly increased as plant density increased. The yields of D3 and D2 were 2463.8 and 1893.9 kg ha −1 higher than that of D1, respectively, and the yield of D3 was 569.9 kg ha −1 higher than that of D2. The profit of different treatments is given in Table 7 . The results showed that the profit of D3 with the black film mulching treatment was highest (16,371.9 ¥). Under non-mulching treatment, D2 treatment obtained highest profit (16,066.5 ¥), which was 3592.5 and 562.9 ¥ higher than that of D1 and D3 treatment, respectively. Under mulching treatments, the profits were increased as increasing of pant density. Compared with D1 and D2 treatments, D3 treatment increased profit by 3616.7 and 2865 ¥ under black film mulching and by 1331.9 and 1008.5 ¥ under transparent film mulching, respectively. Above all, under black film mulching treatment, higher plant density can obtain more profits than that under transparent film mulching.
Impacts of the Maize Root and Yield
To study the effects of the maize root on yield, multiple linear regression analysis was used to explore the impacts of the first three PCs on yield based on the PCA (Table 8 ). The results showed that the R 2 of the PC regression model was 0.89, and the P value was 0.01, which indicated that the model performed well and explained the impacts of the maize root on yield accurately. In the PC regression model, PC1, PC2, and PC3 explained 74.1, 23.3, and 2.6% of the variability of R 2 , respectively, which indicated that the relative weight of PC1 to yield was the largest, followed by PC2 and PC3. With PC1 referring to the growth of the main maize root, the growth of the maize main root had significantly negative effects on maize yield. The reason for this result was that high plant density reduced the main maize root growth, while it also increased the maize yield. In contrast, maize root density (PC2) and root diameter (PC3) had positive influences on maize yield because film mulching increased maize root density, root diameter, and maize yield at the same time.
Impacts of Soil Water Storage and Temperature on Maize Root Growth and Yield
Soil water storage and temperature had significant impacts on maize root growth and maize yield. To understand these impacts under film mulching and different plant densities, the MIC and linear regression methods were used. The MIC method was applied to calculate the MIC between the three PCs, maize yield, and soil water storage and temperature at the seeding, jointing, and heading-filling growth stages. The results are listed in Table 9 . The MIC values between soil temperature and PC1 during the jointing and heading-filling stages were both 0.59, which was greater than that of the other factors on PC1. The MIC value shows the relationship between factors, but it does not indicate the type of association that exists. Through further analysis, it was found that there was a significant parabolic relationship between PC1 and soil temperature during the heading-filling stage (Fig. 5a ). For PC2, the MIC values were all <0.5, indicating that soil temperature and soil water storage had little effect on the distribution of roots under this test. For PC3, the MIC analysis found that it had a strong relationship with soil water storage during the seedling stage, with its MIC value being close to 1. This result shows that the soil water storage at the seedling stage is closely related to the maize root diameter, and further Table 6 . Maize yield of different treatments. Density 11,148.7 ± 549.3c 13,042.6 ± 184.8b 13,612.5 ± 692.5a - † M1, non-mulching treatment; M2, black film mulching treatment; M3, transparent film mulching treatment. ‡ D1, 60,000 plants ha −1 ; D2, 75,000 plants ha −1 ; D3, 90,000 plants ha −1 . § Treatments in the same column with different lowercase letters are significantly different at the 5% probability level. Table 7 . Profit of different treatment. analysis of the relationship between soil water storage during the seedling stage and PC3 is shown in Fig. 5b . As seen from Fig. 5b , there was also a significant parabolic relationship between soil water storage at the seedling stage and root diameter.
The relationship between yield and soil water storage and the relationship between yield and temperature are the strongest, especially the relationship involving soil temperature during the maize jointing and heading-filling growth stages. From Table 9 , the MIC values between soil temperature at the jointing and heading-filling stages and yield were both 0.99. The relationship between yield and temperature during the jointing and heading-filling stages was explored further. The results are shown in Fig. 6 . The relationship between temperature and production during the jointing stage was not a simple linear relationship but was divided into two categories. In the first category, with temperature ranging from 23 to 24°C, production showed a linear upward trend, which was almost independent of temperature. The reason for this finding was that at high-density planting, the shade on the ground was large, resulting in a low soil temperature. At the same time, the high-plant-density treatment had high maize yield. That was also why treatments in this first category were all high-plant-density treatments (D2 and D3). In second category (see the right of Fig.  6a ), the film mulching treatments had higher soil temperatures than the non-mulching treatment, and the yield increased with increasing temperature. The reason for this finding was that on the one hand, in the second category, the soil temperature was mainly affected by film mulching, and on the other hand, film mulching increased the soil temperature and maize yield at the same time. There was a negative linear relationship between maize yield and soil temperature during the heading-filling stage (Fig. 6b) .
Discussion
Impact of Film Mulching and Plant Density on the Soil Water Storage and Temperature
Film mulching and plant density, which are two main agronomic practices in the rainfed area of Northeast China, can improve soil water storage and temperature and ultimately increase maize yield (Zhu et al., 2015) . Our study found that the film mulching treatments resulted in greater soil water storage than the non-mulching treatment during the entire maize growth period. This result is agreement with the findings of many previous studies (Kahinda et al., 2007; Dang et al., 2016) . In addition, the results of this study showed that soil water storage in transparent film mulching was greater than that found when using the black film mulching treatment. Liu et al. (2016) also found that the effects of a transparent film mulching treatment on improving soil water storage were more pronounced than those of a black film mulching treatment during a wet year. During the entire maize growth period, plant density had no significant effect on soil water storage because soil water storage was determined by soil evaporation and maize transpiration, and a higher plant density reduced the soil evaporation but increased the maize transpiration (Antonietta et al., 2014; Ren et al., 2016a) . Barbieri et al. (2012) found that reduced evaporation can be offset by an increase in maize transpiration under a high-plant-density treatment during a wet year; thus, plant density had no significant influence on water consumption and, consequently, no significant impacts on soil water storage. Top soil temperature was significantly influenced by film mulching and plant density. In this study, film mulching significantly increased the soil temperature at the seeding and jointing growth stages. This increase in soil temperature mainly occurs because film mulching reduces the exchange of sensible heat between soil and air (Zhang et al., 2005) . Additionally, the greenhouse effect was caused by a higher air moisture under film mulching (Bu et al., 2013) . A similar result was obtained by Dang et al. (2016) . Moreover, at the maize seeding stage, transparent film mulching increased the soil temperature by 1.3°C, compared with black film mulching. The reason for higher soil temperatures when using transparent film mulching is that the transparent film can intercept more radiation than black film (Tarara, 2000) . Additionally, sunlight can penetrate the transparent film and then heat the top soil, but it cannot pass though black film (Liu et al., 2016) . At the maize heading-filling and mature growth stages, the effects of film mulching on soil temperature were not significant, because at these two growth stages, robust canopy shading is a main factor that affects the soil temperature and thus the impacts of film mulching on soil temperature decrease. Compared with film mulching, plant density had more influence on soil temperature. After the maize seeding growth stage, the soil temperature decreased as the plant density increased. This finding is observed primarily because of the more robust canopy shading from the higher plant densities, which decreased the soil temperature.
Impact of Film Mulching and Plant Density on the Maize Root
In this study, we found that in comparison with non-mulching, transparent film mulching clearly increased root length, root length density, and root diameter by 17.0, 21.4, and 11.6%, respectively, during the heading-filling growth stage, and by 65.2, 70, and 11.6%, respectively, during the mature growth stage. Similar results were obtained by Gao et al. (2014) , who found that film mulching treatments significantly improved the maize root length density and root diameter. Sharratt and Gesch (2004) also found that film mulching can augment the root diameter, because it improved soil water storage and temperature and then promoted the growth of the maize root. Li et al. (2012) reported that plant density increased and maize root surface area and root volume decreased during the maize heading-filling and mature stages. However, in this study, we found that not only did maize root surface area and root volume decrease as plant density increased, but root length and root diameter also decreased when plant density increased. This result is in agreement with Liu et al. (2017) . This is because high plant density increased the competition for water and nutrients of the maize plants and then limited the growth of maize roots.
Impact of Soil Water Storage, Temperature, and the Maize Root on Yield
Many previous studies showed that film mulch and plant density improved maize production (Zhu et al., 2015; Dang et al., 2016) . In this study, maize yield increased as plant density increased under film mulching treatment; however, under the non-mulching treatment, maize production increased first and then decreased as plant density increased. This result indicated that the film mulching can improve the tolerance of maize to high plant density (Al-Naggar et al., 2015) . Agricultural techniques, such as plastic film mulching and plant density, improved soil water storage and temperature first, subsequently promoted the growth of the maize root, and ultimately increased the accumulation of dry matter and maize production (Guan et al., 2014) . The result of the PC regression analysis showed that soil temperature during the heading-filling stage had a positive influence on PC1, which indicated that to a certain degree, higher soil temperature can improve the main maize root (root length, root surface area, and root volume) growth. This finding was similar to the results found by Xie et al. (2006) . However, we also observed that PC1 had a negative influence on maize yield, which was contrary to other studies. The reason for this result was that higher plant densities had lower soil temperature, lower PC1, and higher maize yield compared with lower plant densities. We also found that there was a negative linear relationship between maize yield and soil temperature during the heading-filling stage. The reasons for this negative relationship may be that (i) the soil temperature at high-density planting was low, but the yield was high, and (ii) the maize plants during the heading-filling stage are the most sensitive to temperature, which several studies have observed. High temperature during this period could increase inhibition of maize and, worse, reduce yield. (Lobell et al., 2013; Chen et al., 2017) .
Conclusions
Colored film mulching and planting density have a significant effect on soil water storage, temperature, and root growth. For soil water storage, the plastic film significantly increased the soil water storage, whereas plant density had little effect. The plastic film significantly increased soil temperature during the seedling and jointing stages, with the transparent plastic film having a greater temperature effect than the black plastic film. The ranking of the effect of plant density on soil temperature was D1 > D2 > D3. For root growth, mulching mainly increased root length, root length density, and root diameter. Plant density had a significant effect on root length, root surface area, root surface area density, and root volume. Additionally, when planting density increased (from 60,000 to 90,000 plants ha −1 ), these maize root traits decreased significantly. In this experiment, a higher soil temperature at the heading stage resulted in better growth of the maize main root but lower final yield. Because the year of the experiment was a wet year, the effect of soil water storage on the root growth and yield was not significant. In future research, the effects of colored film mulching and planting density on soil moisture in different hydrological years should be further investigated.
